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Abstract

We compare deformation behavior of conventional carbon and carbon-nanotube (CNT) based
aerogels with monolith densities of 30 — 300 mg cm 3. Results show that CNT-based aerogels have
superior elastic moduli, comparable failure stresses, and, hence, lower failure strains. The density
scaling law exponents are statistically indistinguishable for both types of aerogels, suggesting the
same ligaments connectivity. The superior elastic properties and lower failure strains of CNT-
based aerogels are attributed to a higher stiffness of CNT-based ligaments, while comparable
failure stresses are attributed to the common junction geometry. Practical implications of these

findings are discussed.



Carbon aerogels (CAs) are sol-gel-derived nanoporous carbons, characterized by high
electrical and thermal conductivities and a tunable morphology.! They can be made as
uniform macroscopic monoliths with a wide range of densities down to ~ 10 mg cm™3. Due
to such properties, CAs are particularly promising for several energy-related applications,
including various electrochemical devices,>* hydrogen storage,® catalytic supports,*® energy
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absorbing structures,” compliant electrical contacts,® and targets for inertial fusion energy.”

Recently, significant effort has been put into designing low-density carbon-nanotube

37,1020 with improved properties compared to those of

(CNT)-based nanoporous materials
conventional CAs derived from carbonized resorcinol-formaldehyde gels (CRF-CAs). Since
many applications of low-density nanoporous solids are limited by their poor mechanical
properties, special emphasis has been given to understanding and controlling their deforma-
tion behavior.”10:12714:16718,20 For example, Worsley et al.'* have reported that composites
of CRF-CAs with CNT content of 2 16% (that we will refer to below as “CNT-CAs”)
have a morphology that is very different from the well known string-of-pearls morphology
of conventional CRF-CAs.12122 Ligaments in CNT-CAs are made of CNT bundles, deco-
rated and cross-linked by carbon nanoparticles. Such CNT-CAs have unprecedented, large
elastic moduli.'* The role of CNTs in their elastic behavior is, however, not clear. Is the
improvement in the elastic modulus caused by the large stiffness of CNTs or by the different
morphology of CNT-CAs compared to that of CRF-CAs? Moreover, while elastic proper-
ties of many low-density CNT-based nanofoams have been reported, 1012141671820 the often
practically more important inelastic deformation behavior of this class of materials remains
essentially unexplored.

In this letter, we study mechanical properties of CRF-CAs and CNT-CAs that are closely
related to their structure. Our results reveal that the superior elastic properties and lower
failure strains of CNT-CAs can be attributed to the high stiffness of CNT-based ligaments,
while their failure stresses are dominated by the junction geometry that appears to be the
same for both conventional CRF-CAs and CNT-CAs.

The CRF-CAs and CNT-CAs were prepared as described in detail elsewhere.'* In brief,
purified single-walled CNTs (Carbon Solutions, Inc.) were dispersed in water in a sonication
bath. The sol-gel precursors (resorcinol and formaldehyde) and the polymerization catalyst
(NaCOs3) were added, and the mixture gelled. For CRF-CAs, the resorcinol to catalyst

molar ratio was fixed to 200. Wet gels were washed with acetone, dried with supercritical



COg, and pyrolyzed at 1050 °C under Ny. The final monoliths were machined with a 6-mm-
diameter cylindrical endmill rotating at a speed of 2 x 10* revolutions per minute, yielding
macroscopically flat surfaces needed for mechanical characterization by indentation.

The samples were indented in the load-controlled mode in an M'TS XP nanoindenter with
a flat punch diamond tip with an effective diameter of 62 ym. Representative indentation
stress (o) and strain (¢) were defined as o = 4P/(7wD?) (i.e., the average contact pressure)
and € = (4h)/(wD) =~ h/D (i.e., the proportionality coefficient between o and the reduced
modulus in the elastic regime).?*?* Here, P is the load, D is the indenter tip diameter, and
h is the indenter displacement. Both loading and unloading rates were kept constant to
maintain an indentation strain rate of 1073 s=1.23

Figure 1 shows a load—displacement/stress—strain curve, illustrating the parameters that
we use to describe the deformation behavior of CRF-CAs and CNT-CAs. All the CAs
studied exhibited stress-strain curves qualitatively similar to that of Fig. 1. Loading is
characterized by an initial linear-elastic region, followed by a pronounced nonlinear-elastic
region, when the shape and volume of the monolith are completely restored after the stress
is removed. Failure appears as a sudden jump of the strain at a constant stress (a “pop-
in” event). We assign the stress and strain at the initial stage of the first pop-in event as
the failure stress (¢/) and strain (&/), respectively.?> Elastic properties are characterized by
the Young’s modulus (F), which was calculated based on the initial slope of the unloading
curve according to the Oliver-Pharr method?%2® for maximum loads below those resulting in
failure events. For each specimen, several (> 4) measurements of E, o/, and ¢/ were made
on different sample locations, and results were averaged. The error bars given are standard
deviations.

Figures 2(a)-2(c) show density dependences of mechanical properties (i.e., E, o/, and
ef) of CRF-CAs and CNT-CAs. As mentioned above, when CNT content exceeds ~ 16
wt%, the aerogel morphology drastically changes from the string-of-pearls structure of con-
ventional CRF-CAs to a CNT-CA network of filaments made from CNT bundles decorated
and interconnected by carbon nanoparticles.'*® Tt is seen from Fig. 2(a) that this change
in the morphology is accompanied by a large (a factor ~ 2 — 3) increase in E. This is in
agreement with previous observations.!4

Figure 2(a) further reveals that moduli of CRF-CAs and CNT-CAs follow statistically

indistinguishable scaling laws: E o p™E, with mg ~ 2.5. This value is consistent with pre-



vious studies of CRF-CAs by Pekala et al.?? The scaling exponent mp is determined by lig-
ament connectivity; i.e., how the nanoligaments are interconnected into a three-dimensional
structure.?? For example, the well-known cubic cell model,? assuming perfect ligament con-
nectivity, yields an mg exponent of 2.0. The fact that both CRF-CAs and CNT-CAs have
the same mg values suggests that, even though geometry of ligaments is drastically different,
the two structures have similar ligament connectivity.

The enhancement of E for CNT-CAs [Fig. 2(a)] is, therefore, related to a higher stiffness
of CNT-based ligaments. Both CRF-CAs and CNT-CAs are made of sp?>-bonded carbon

atoms'®

(with < 10 at.% of H).?" Since the intrinsic elastic properties of the (partially
disordered) graphene sheets forming the ligaments in both CRF-CAs and CNT-CAs are the
same, the difference in the ligament stiffness of CRF-CAs and CNT-CAs could be attributed
to different ligament geometry. Indeed, for a given density, tubular ligaments of CNT-
CAs will have a larger stiffness than rod-like ligaments of CRF-CAs. The two distinct
curves in Fig. 2(a), in fact, collapse into one curve when they are plotted as a function of
a relative density (i.e., the monolith density normalized to the density of ligaments), with
a not unreasonable assumption of densities of graphitic nanoparticles and CNT bundles of
2.2 and 1.3 g cm ™3, respectively.3!

In contrast to full-density solids, failure of inorganic aerogels most likely proceeds through
Euler buckling and brittle fracture of ligaments.?® In this study, the indenter tip contact
area (defined by a tip diameter of 62 pum) is much larger than the cross-sectional area of an
individual ligament (with a diameter of ~ 20 nm for both CRF-CAs and CNT-CAs),!*2?
making ligament failure a multiple statistical process. Figure 2(b) shows that ¢/ remains
essentially unaffected by the CNT loading. This suggests that ligament junctions are similar
in both types of CAs. Indeed, in CNT-CAs, junctions between CNT-based ligaments are
formed by the same interconnected carbon nanoparticles that comprise the ligaments of
CRF-CAs. Such graphitic nanoparticles forming ligament junctions are expected to be
more defective and, hence, weaker than the CNT bundles themselves, acting as locations of
failure events.?? As a result, both CRF-CAs and CNT-CAs fail when the same critical stress
o7 is applied.

A separation into two distinct curves is observed in Fig. 2(c) for &/, with CRF-CAs
exhibiting ~ 2 — 3 times larger ¢/ values than those of CNT-CAs of the same densities. This
is expected given an increased stiffness and similar o/ for CNT-CAs. For both CNT-CAs



and CRF-CAs, ¢/ increases with reducing monolith density. This behavior is consistent
with an associated increase in the aspect ratio of nanoligaments with decreasing monolith
density.3

Figures 2(b) and 2(c) show that power-law fits for o/ (0/ o p™) and &/ (e o p™)
give exponents of m, ~ 2.0 and m. ~ —0.7 for both CRF-CAs and CNT-CAs, which are
also slightly larger than predictions of the cubic cell model (m, = 1.5 and m. = —0.5).%
However, mg + m. &~ m,, in agreement with what is expected from an elastic fracture
behavior.?

Results of this work have straightforward implications for selecting and designing
nanofoams for a particular application. An independent control of ligament stiffness (e.g., by
material selection) and connectivity (e.g., by post-synthesis processing) should be targeted.
If low-density monoliths with a high stiffness and failure stress are desired, CNT-CAs are
preferred. On the other hand, if the application is limited by the failure strain, conventional
CRF-CAs have an advantage over CNT-CAs.

This work was performed under the auspices of the U.S. DOE by LLNL under Contract
DE-AC52-07TNA27344.
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FIG. 1: (Color on-line) Representative load-displacement (stress-strain) curve of a conventional
carbon aerogel monolith with a density of 80 mg cm 3 indented with a flat punch tip with a diameter
of 62 ym. Definitions of the failure strain (¢/), failure stress (o/), and Young’s modulus (E) are
illustrated. Indentation was performed as a series of loading cycles with increasing maximum loads

and complete unloading at the end of each load cycle.
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FIG. 2: (Color on-line) Dependence of mechanical properties of carbon aerogels on the monolith
density: (a) Young’s modulus, (b) failure stress, and (c) failure strain. Solid lines are power-law

fits with the exponents indicated.



